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SUMMARY

A detalled exploration of the fleld of mean and fluctuating quan—
titles in a two-dimensional turbulent chamnel flow is presenmted. The
measurements were repeated at three Reynolds numbers 12,300, 30, 800
and 61,600, based on the half width of the chanmel and the meximm meen
velocity A channel of 5-inch width and 12:1 aspect ratio was used for
the 1nvestlgation.

Mean—speed and axlal—fluctuation measurements were made well within
the laminar subleyer. The.semltheoretical predictions concerning the
extent of the laminer sublayer were confirmed. The distribution of the
voloclty fluctuations In the direction of mean flow u' shows that the
influence of the viscoslty extends farther from the well than indicated
by the mean veloclty proflle, the reglon of influence being approxi—
mately four tlmes as wlde.

Fluctuations perpendicular to the flow in the lateral and vertlcal

directions v' and w', respectively, and the correlation coeffi—
Tyt
clent k = — were also measured. The turbulent shearing stress
a2 (72 :

was computed by three different methods. The results show satisfactory
agreement for the two lower Reynolds numbers. In the case of the hlghest
Reynolds number, however, the total shearing stress T obtained from the
fluctuation measurements was approximately 20 percent lower than that
computed from the mean—velocity and mean—pressure measurements. All
dimensionless meen fluctuating quantities were found to decrease with
Increasing Reynolds number. Measurements of the -scales of turbulence
end I, and microscales of turbulence Ay and Ay across the chanmel
are pregented and their variation with Reynolds number is discussed.
Using & new technique, values for the microscale Ay wore obtalmned; a

new method for estimating the scale Ly 1s also glven.
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The energy balance in the turbulent flow fleld was calculated from
the measured quantities. From this calculation 1t is possible to glve
a descriptive plcture of turbulent-energy diffusion in the center
portion of the chamnel cross section.

For the flow correspénding to a Reynolds number of 30,800 the

energy spectrum of the u—'g—fluctuations at various points across the
channel, 1ncluding one In the laminar sublayer, wes obtalned.

At station %: 0.4, where y 1s lateral distance end d is half

wldth of the chamnel, the contribution to the turbulent shear stress
from various frequency bands was measured and it was found that the con—
tribution corresponding to frequencles above 1500 cycles per second l1s

negligible., Since the spectrum of u'2 at this polnt extends to about
5000 cycles per second it is evlident that the high frequencles are
nearly isotropic in agreement with Kolmogoroff's hypothesis,

INTRODUCTION

In recent years a conslderable step forwerd was made in the theory
of turbulence. Kolmogoroff (reference 1), Helsenberg (reference 2),
and Onsager (reference 3) obtained independently an energy—spectrum lew
that holde 1n rather restricted types of turbulent” flows. Thls progress
gave a new lmpetus to both theoretical and experimental Investigations.
The experimental worker may follow two principal methods of approasch to
the problem. First, he may establish flow fields which satisfy suffi—
clently the assumptions of the new theory, namely, that the flow 1s
isotropic and of high Reynolds number so that the influence of viscoslty
is a minimm and the effect of the turbulence—producing mechanlsm 1s
small, TUnder these conditlions he may measure quantities such as corre—
lation functions, scales, and microscales that are deflined exactly in
the flow fleld and may compere hls results wilth those predicted by the
theory. The main difficulty with this method is to predict how closely
one has to approximate in the actual flow the conditions assumed in the
theory. In other words, the sensltivity of the theory to deviations
from true lsotroplc conditlons is not known and in case the measurements
do not agree with the theory one does not know whether to attribute the
disagreement to faulty assumptions in the theory or to the incomplete
isotroplc conditlons of the flow, Furthermore, the imposition of the
condltion of 1lsotropy to fluctuating flelds may be a very strong
restriction and the study of such fields may not-yleld the complete
plcture of the turbulence mechenism,
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) The second method of approach 1s to establish a simple nonlsotroplc

turbulent filow fleld with well—defined boundary conditlons and, in the
light of the exlsting theorles, to try to obtain information on the
mechanlism of energy transfer from the low frequencles of the energy
spectrum to the hlgh ones. The present investlgation of a turbulent
channel. flow has this purpose in mind In its long—range program.

The difficulties of this method are lmmediately realized. Because
of the nonisotropic nature of the flow, characteristic quantities such
as scale and mlcroscale are no longer well defined and it is very
possible that in the first stages of the investigation certain quan—
tities wilill be measured that later will prove to be trivial, On the
other hand, the main advantage of a fully developed channel flow is
the fact that, in contrast with the flow behind grids, flow conditions
are steady; no decey of mean or fluctuating quantitles exlsts in the
direction of the flow. Consequently, the turbulent energy goes through
all of 1ts stages of transformation across the chammel section —
turbulent—energy production from the mean flow, energy diffusion, and
turbulent and laminar dlsslipatlon — and one may study these transforma—
tions in detall.

It has become clear that the phenomenological theories of turbulence,
such as the mixing—length theories, have lost most of thelr i1mportance.
These theories, developed in the late twentles and early thirties, weie
almed speciflcally at an evaluation of the mean—velocity distribution in
turbulent flow. The exlsting experimental evidence shows clearly that
the mean—veloclty distribution 1s very insensitive to the essential
assumptlions introduced into the phenomenological theories. In fact,
purely dimensional srguments generally suffice to glve the shape of the
mean veloclty profile with sufficlent accuracy. For the further develop—
ment of an understanding of turbulence, detalled measurements of the
fleld of fluctuating rather than of mean velocltles are necessary. The
program of experlimental research of which thils work ls one part is based
on this reasoning. It 1s qulte apparent and natural that the same con—
clusions have been drawn by workers in the turbulent field elsewhere
and that, in general, the maln emphasis of current experimental inves—
tigation is the exploration of the fileld of the fluctuating—velocity
components.,

The present set of experiments deals with flow in a two—dimersional
chennel, that is, with pressure flow between two flat walls. Channel
flow of this type 1s the simplest type of turbulemt flow near solid
boundaries which can be produced experimentally. The simpler Couette
type flow requires that one wall move with constant velocity, a con—
ditlon which 1s dlfficult to reallze experimentally. It can be
approximated by the flow between concentric cylinders, but complications
due to centrifugal forces arlse here. The simple gecmetry of a
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two—dimensional channel allows an Integration of the Reynolds equatlons,
and the turbulent shearing stress can then be related dlrectly to the
shearing stress on the surfaces which, in turn, can be determined from
the mean-pressure gradient or the slope of mean veloclty profile at

the wall.

The relation between the apparent stresses and the well shearing
stress can be used to advantage in two fashlons. It 1s here possible
to obtain the magnitude of the correlation coefficient responsible for
the apparent shear by measuring only the intensities of the turbulent
fluctuations. The turbulent shearing stress can also be measured
directly by means of the hot—wire anemometer. A comparison with the
shear distribution obtalned from msan—pressure—gradlient or mean—
veloclty—profile measurements serves then as a very useful check on
the underlying assumptiong, on the ons hand, and specifically as a
check on the reliability and accuracy of the direct measurements, on
the other.

. Mesasurements of channel flow have previously been made by Doench
(reference 4), Nikuradse (reference 5), Wattendorf and Kuethe (refer—
ences 6 and 73, and Reilchardt (references 8 and 9). A few unpublished
measurements have been made recently at the Polytechnlc Imstitute of

Brooklyn.

Doench's and Wikuradse's measurements were concermed only wlth
the mean—velocity distribution and are thus of not too much interest for
a comparison with the present set of measurements. Wattendorf measured
the intensity of the fluctuating—velocity components and then deduced
the correlation coefficient from the mean—-pressure measurements. The
technique for measuring the axial component of the velocity fluctuation
was well developed at the time, but the cross component was only
tentatively measured.

The most complete set of measurements is due to the work of
Reichardt, who measured velocity fluctuations in the direction of the
flow and normal to the wall as well as the turbulent shear directly.
Reichardt found very good agreement between the shearing stress deter—
mined in these two ways; his paper comes closest to the present lnves—
tigation and his results will be used for comparison. The Reynolds
number in Reichardt's measurements was 8000, which is lower then the
range covered by the present measurements. A critlcism which can be
made of Relchardt's investigation 1s his use of -a tumnel of only .
1:4 aspect ratio. The two—dimensional character of the flow 1s thus
somswhat doubtful. Wattendorf's experiments were made 1n a chanmel of
very large aspect ratio (18:1) and are thus free of this criticism.

In a preliminary investigation & channel 1 inch wide and 60 inches
high was chosen. The measurements, however, have shown that in this

Y
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case the- scale of turbulence 1s so small that great care must be taken

to correct the hot—wlre readings for the effect of wire length. Measure—
ments of the microscales were, in fact, impossible in the l—inch channel.
The microscales were about 0.l centimeter and thus smaller then the
length of the wilre. The corrections for the case of measurements of v!
and W' were about 30 percent. Since the method of correction becomss
very lnaccurate for such large ratlos of wire length to microscale, the
measurements were repeeted In a 5—Inch chanmnel with a 12:1 aspect ratio.
This ratlo was still large enough to insure two—dimenslonal flow and the
length corrections were greatly reduced. ’

This investigation was conducted at the Guggenheim Aeronautical
Laboratory, Callformia Imstltute of Technology, under the sponsorship
and with the financial assistance of the National Advisory Committee
for Aeromautics.

The author wlshes to acknowledge the constent advice and help
In both experimental methods and Iinterpretation of results of
Dr. H. W. Liepmann during thils investigation. He also wishes to thank
Dr. C. B. Milliken for his continuous interest In this research. The
cooperation of Dr. F. E, Marble and Mr. ¥. K., Chuang is mich appreclated.

SYMBOLS
x longltudinal coordinate in direction of flow; x = 0 corre—
sponds to channel exit
y lateral coordinate; y = O corresponds to channel wall
z vertical coordinate
d half width of chamnel (2.5 in.)
5 thickness of laminar sublayer
u mean velocity at anmy point In channel
Uo maxlmm value of mean veloclty |
u' . instantaneous value of velocity fluctuations in direction of

mean flow x

vw! instantaneous values of velocity fluctuations normal to mean
flow in directions y and z, respectively
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root—mean—square value of velocity fluctuations in
direction of mean flow x

root—mean—square values of velocity fluctuations normel
to mean flow in directions y and 2z, respectively

pressure at any polnt in channel
alr density
total shearing stress

shearing stress at wall

friction velocity'QlTo/p>

absolute viscoslty of alr
Idnematic viscosgity

Reynolds number based on half width of channel and maximm
mean velocity . :

correlation coefflclent responsible for apparent

ul -v-l
Va2 {772

correlation coefficlents as functions of X, Y, and Z,
respectively ‘ .

shear

" microscales of turbulence

{I=_2=(au')2 F=1au')2 w® _1 3u')2
w2 \x/ 7\,yg"2ay 7 A2  2\9z
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Ix,Iy,Iz scales of turbulence

(Iisv/\wadX, I.ysmeyd.Y, Lzswade)
0 0 0

x,Y,2 distances (in the x—, y—, and z—-dlrection, respectively)
between polnts at which correlation fluctuations are
/ measured

o] ratio of square of compensated and uncompensated
fluctuations

M time constant expressing thermal lag of hot-sire

n frequency, cycles per second

F£T§(n),F(n) fraction of turbulent energy u'® associated with band
width dn

Fﬁ7;3(n) fraction of turbulent shear u'v' associated with band

wildth dn
W dissipation of turbulent eﬁergy
t time
©1,80 voltage fluctuations

ANATYTTCAT, CONSIDERATIONS

Equations of Motion for Two-Dimensional Channel Flow

The mean— and fluctuating—velocity components are denoted by ui
and ui', respectively; Carteslen coordinates are designated by xi;
and pik denotes the components of the stress tensor which includes
both the viscous and apparent (Reynolds) stresses. The Reynolds equa~-

tion and the continulty equation for steady flow can thus be written,
using Cartesian tensor notation,

i3
=3

d

puy (1a)

1

]
o

(1p)

Q/

X1



where

duy T~ duy du -
D+ 2 —k — puy'2 u@i+ \—pu ( L —3\-—0111_’1.13‘
oxy \dxp 9%y ) \ex3  oxy/ .
o\ o 2, 2
= 2 Tog —_té _3_ T Ta, %
Pig = M +—>-—pu1. Dt 22—~ u(——+ )-pug‘u‘
) (a;_:e 3, 3z, g dnp .3
(% + E\ puq fu u/aue + Eﬁi\ pustug? - + 2 Su3 g2
— Py g’ — - 3 B = — pug
“\ oy \ox; 5% 2,

For channel flow between two parellel flat walls,

— a :
w1, = ufy) 2 — pu'? n ﬁ - pu'v? 0
‘ a L
up =0 Pix = (M E‘} - pu'v! - - D;‘@ 0
uz =0 0 0 - - pw‘e

€212 NI VOVN
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where x, y, and 2z replace xj, and u', v', and w' replace u;'

for convenience in writing the now much simpler equations. Equation (1b)
is thus automatically satisfied and equation (1a) becomes:

:
i) )

, ‘ (2)
-5 (e-) b i)

In fully developed turbulent flow the varlatlon of mean values of the
fluctuating quantitles with =x should be zero; that is, the flow
pattern 1s independent of the streamwise direction. Hence, equations (2)
become:

10 _,d%u _au'v’'
p Ox a2 &
or '

1o _1lar
pox Pdy (32)
13 __ o (
== - 3b)
p oy oy

109
Differentiating equation (3b) with respect to x gives — 5—2]8%; = 0;
x
consequently Op/dx 1is independent of y and equation (3a) is immedi~
ately integrable. Thus

=¥ du _ uw'v' + Constant

od
& I*S“
g
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In the center of the chamnel the shear vanlishes; hence if the channel
has the width 24,

Constant = 3 a—P
P Ox

and hence

y—ddp y du o™ | ()

In terms of the shearing stress at the wall,

To y—da_ v du_ uv' (5)

pUL,2  d U2 4y U2

It is evident from equations (4) and (5) that T, can be determined in
three different ways: .

(a) From the mean—pressure gradient

dp

To = —d ==

ox

(b) From the slope of the mean velocity profile near the wall

o = v(g)
o} &7/ 50

(¢c) From a direct measurement of u'v'
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since if y/d is not too small,

and 1tem (c) becomes

The technically simplest way to determine T,, and thus in fact the
complete shear distribution, is a measurement of Jp/dx. This 1s the
method epplled 1n most investigatioms.

To determine the slope of the veloclty profile near the wall, the
profile has to be known up to points very close to the well, that is,

at least to dlistances §-= 102, This in genoral requires the use of

the hot—wire anemometer amd very precise measuremsnts.

The third method requilres a direct measurement of the correlation
‘between the axial and lateral veloclty fluctuations. The technique of
this type of measurement 1s known and was first applied by Reichardt
and by Skramstad end, 1n somewhat different form, in recent investi—
gatlons at the Natlonal Bureau of Standards, Polytechnic Institute of
Brooklyn, end Californie Institute of Technology.

In the present investigation all three methods have been applied
and the results compared, with the exception of the flow at the lowest
Reynolds number. In this case the pressure gradient is extremely small
(approx. 0.0003 mm of alcohol/cm) and reasonsbly accurate measurements
were not possible. This comparison of the three methods has the
advantage that 1t glves a good indication of the absolute accuracy of
measurements of the fluctuating quantitlies and the correlation coef—
ficlent k.

Energy Equation

Writing equation (la) in the form

puy ::i—k = - % + |uv2u1 (6)
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end mltiplying 1t by uy, the followlng relation :[g obtalined:

1 e Oy Oy
2 Bxk Bxi BXJBXJ

Transforming the last term by partial integratlon the energy equafion
of the mean flow becomes

;pa‘liuiuk=_apu1+_1_u32uiui_u ) 1)

The veloclity perturbetions can now be introduced:

u =u +u
up = v!
113='W'

" Since the velocltles are Independent of the coordinates x and 2z the
following equation is obtalned after averaging:

vip
v'(u’2 + V712 +w'2) = _u%};_%;g_*_

d2u 1 a2 i duy ' <aui')
il —— + = p — (u'2 4+ v'2 + w'2) — pl—)|—

Making use of equation (3a) this simplifies to

du 4 u'? 4+ v12 4 w:2) au 2 1 a2
T —= = DV'( + v'p | + (d-;) —=p (w2 4 v12 4 2
i 4y 5 P+ 5k dy2( )
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This form was obtalned by Von Kérmén (reference 10) while discussing a
nonisotroplic flow in terms of the statistical theory of turbulenmce. In
order to see the relatlive orders of magnitudes of the different terms
in the equation, Von KArmAn expresses them in terms of a single

velocity q==\ﬁa'2 + 72 + w'2 and a characteristic length D corre—
sponding to the width of the chamnel. Since

2 2 2
A =— = P A A G VI A S s
B R R PR SR

where the coefflclents have the characteristics of correlation functions
and A 1s the microscale of turbulgnce. For a high Reynolds number
£low %? >>1, it follows that, %%— <x:%?. Thus the second and third
term on the right slde of the equation may be neglected. Since the
pertinent quantitles have been measured durin~ the present work, the
order of magnitude of these terms can be dilrectly evaluated and the
omission of the terms is found to be Justified. The above equation thus

conteins only terms of the forms q3/D end vq2/A2; these terms should _

2
be of the same order of magnitude end therefore 3; =0(1). It is

of conslderable Interest to see whether experimontal results confirm
thls relation. Taking as an example results from the measurements

3 2
= L= a 3 Vg 3
at R = 30,800 and T = 0.5 <ﬁhere D ® 11 X 10° and 33? 1.7 X 10 )

a = 52 centimeters per second
Ay = 0.5 centimeter

therefore

qr2 _52%0.25 _ ¢
VD 0.155 X 12.7 '
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This ratlio seems to be falrly constant for different Reynolds nmumbers
and across the channel cross sectlon.

Tn view of the above dimensional considerations, the energy
equation may be written

Y- By - \ du, '\ fou,!
_d (o S+ v+ w ' 1 i
= dy(pv > + v p) + u(a——xj >(—_—axj) (8)

The equatlion expresses the fact that the energy produced by the
turbulent’ shear forces at a certaln point 1s partly diffused and partly
dissipated. This equatlon has been used 1n estimating the energy
diffusion across the chanmel, since from the msasured quantlties the
production term and dissipation can be calculated.

&g

EQUIPMENT AND PROCEDURE

Wind Tummel

The investigation was carrlied out in the wind tunnel shown in
figure 1. The turbulence level 1is controlled by a honeycomb and seam—
less precision screens, followed by an epproximately 29:1 contraction.
The screens have 18 meshes per inch and a wire diameter of 0.018 inch.
The honeycomb conslsts of paper mailing tubes 6 inches long and 1 inch -
In dlemeter.

The over—ell length of the channel 1s 23 feet. At the entrance
gectlon it 1s 3 1nches wlde and has an aspect ratic of 20:1. In a
distance of T feet 1t expands to a width of 5 inches and the aspect
ratlio 1s reduced to 12:1. The walls of the exit portion of the chanmnel

(about 6 £t) are made of 3 —inch—thick plywood with a =—inch birch
L L

Inglde cover. They were speclally treated In order to acquire a smoo:bh
finish and were reinforced in order to avoid warping (fig. 2); in splte
of thils a few percent of wldth variatlion existed.

The tumnel 1s operated by a 62-horsepower stationary natural—gas
englne — normally operating at & fractlion of its rating — which drives
two elght—bleded fans. The speed 1s remotely controlled by means of a
amall electric motor which drives the throttle through a gear and lead—
screw system,

The experiments were carried out at speeds of 3, 7.5, and 15 meters
- per second.

]
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Traversing Mechanism

Figure 3 shows the type of traversing mechanism used during the
experiments. It consilsts simply of a micromster screw on which the
hot—rire support. 1s fastened. The support can rotate freely in a plamnse
Perpendicular to the alr flow; thus, ths hot—wire may be adjusted
exactly parallel to the wall.

The zero reading of the traversing mechenism (y = 0) was care—
fully found using the following method: The hot—wire was placed close
to the wall (approx. 0.025 cm awey); the distance between the wire
and its lmage in the polished wall was measured by means of an ocular
micrometer. The position of the wire 1s, of course, one~half of the
observed distance and could be determined with an accuracy of
+0.0005 centimeter. >

In order to obtain the pressure distributlion along the middle of
the channel a 6-Inch~long thin—selled tube 3/8 inch in diemeter was used
with a small static—pressure hole drilled close to its end. The tube
was free to slide In a support at the entrance of the channel so that
the position of the pressure hole relative to the chammel exit could be
changed. The tube was kept straight and under tenslon by meamns of
wolghts.

Hot~Wire Equipment

All veloclty measurements were made with hot—srlre anemometers.
The frequency response of the amplifier—compensator unit of the hot—
wire equipment, using a 0.00024—inch wire at standard operating con—
ditions, 1s flat from epproximately 2 to 10,000 cycles per second.

The compensation of the hot—rire for thermal lag 1s accomplished
by a cepaclty network. The range of time constents was chosen from O
to 1 millisecond corresponding to the characteristics of 0.00005— to
0.00024k—Inch wires at the operating conditions employed in gemeral at
GAICIT. DNo attempt wes made to extend the range of compensation to
lerger values of M, since in this case the noise level soon becomes
appreclable. .

The correct setting of the compensating unit was found using the
square—wave method described by Kovdsznay (reference 11). The time
constants of the wlres used for turbulence measuremsnts fell between 0.1
end 0.9 millisecond.

The output readings were taken with a thermocouple and precision
potentiomster.

Dt T TP gy S O U Y —_—— T —_— ——— e ¢ e A e e e - .
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Mean—speed measurements.— A %——mil (0.0005~in.) platinmm wire of

l—centimeter length was used to measure the msan speed. The measure—
ments were made by the constant—reslstance method. This method has the
advantage of keeping the wire teimperature constant through the velocity
Pield.

Turbulence measurements.— For the investigatlion of turbulent fluc—
tuations, 0.00024—inch Wollaston wire was used. The wire was soft—
soldered to the tips of fine sewlng needles after the sllver coating
had been etched off. The two lateral components v' and w! and the

correlation coefficient ¥k = —2¥. were measured using the X—wire

\’u—.é \,;é
technique. The method wes essentlally the same as descrlibed In detall
in previous reports from this laboratory. (See, for example, refer—

ence 12.) ‘

The xX-meters for shear measuremsnts had angles between the wilres
of approximately 90°. The angles of the v',w'-meter were of the order
of 30°., The wire length of the u'-meter was about 1,5 millimeters end
that of the v'-mster was 3 mlllimeters.

The parallel—wire technlque used recently at the Polytechnic
Institute of Brooklyn was also tried 1n order to obtaln the lateral
component of the velocity fluctuatlion and the shear close to the wall,
The parellel-wire Iinstrument 1s superior to the X-—meter since 1t allows
an exploration of the turbulent £leld up to dlstances of a few thous—
andths of an inch from the wall. However, it was found Impossible to
obtaln rellable velues wlth this instrument. The corrections due to
u'—fluctuations and to unequal heating of the wlres were pronounced and
not easily accountable. -The method was therefore temporarlly abandoned
after conslderable time and labor had been spent on it.

Measurements of correlations between two polnts.— The correlation
functions between values of u' at points along the y— and z-exis,

that 1is,
_ ut (0)u' (Y)
Var (02" (112

Ry

_ ' (0)u' (7)

Ry

u32
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were measured using the standard tectinique (reference 12). The scales of
turbulence Iy and. LZ end the mlcroscales )“y and A‘z at different

polnts across the channel were obtained from these measurements.

Measurements of Ax.— A method suggested by Townsend (reference 13)

was appllied to measure MAx. Using an electronic differentiation circult
the amplifier output signal was differentiated and Ay computed from
the followlng relation:

—] =ul—/—] =u2 —
ot ox Ay

Mo

The error involved in the approximation —Ba? —>u g—x can be esti—

mated and 1t may be seen that the above relation holds with reasonsble
accuracy over the large center portion of the chennel.

A new technigue for the measurement of Ay has also been applied.
The method 1s described in detall in reference 14 and consists in
counting the zeros of an osclllograph trace of the u'—fluctuations.
From these counts Ay may be calculated directly by assuming & normal
and Independent distribution for both u' emnd Ju'/dx:

L =X x Average number of zeros of u! per second
M o

It 1s known that the distribution of u' is closely a Gaussian one

even 1n nonistropic turbulence (see, for instance , reference 15);
however, for the case of du'/dx a emall deviation from the normel dis—
tribution was found (reference 13). For the preliminary measurements

of Ax reported presently, no corrections were applled as yet for this
effect. Flgure 4 shows an oscillograph trace of the u'—fluctuation in
the middle of the chamnel at R = 30,800. The trace represents an
interval of approximately 1/20 second.

Measurement of Ly.— The following simple procedurel was applied

to obtaln a rough estimate of scale of turbulence corresponding to
correlations between points along the x—axls: Denote by F(n) the

1Th:l.s method was suggested by Dr. H. W. Liepmann,
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fraction of turbulent intensity which 1s combtributed by frequenciles '
between n and n + dn; that 1s,

u' (0)2 dn = u'2F(n) dn

and. thus

j;wF(n) dn = 1

Consider now an uncompensated hot—wire. If the time constant of this
uncompensated wire is M, the response will be

El' (11) %UDCOHI_P .

T~

where

The total intemsity for the uncompensated wilre willl then be glven 'by2

(u.z) -2 ® F(n) dn
unco: . :
e 0 1 + M°n®

Thus, 1f the ratio of the response of the same wire compensated and
uncompensated is denoted by o,

1 ® F(a
0 1+ Mn .
In order to estimate Iy, F(n) 1s assumed to have the simple Fform
. Ly
Uo
F(n) = 2
T LxE
1 + 0
Uo2

2Formilas of this general type have been proposed by Kampe' de Feriet
and by Frenkiel for determlining the spectrum of turbulence from uncom—
pensated hot—wire measurements by verying M (reference 16).
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which was glven by Dryden (reference 17) and corresponds to an experi—
mental correlation curve.

Then

S

ajH
210

<l + n2 2)(1 + Mzne)
0 o

ol

or with

& TR

then

| [s 2]

2 dn_ _ 1

n 0 (1 + ng)(l + a.2n2) 1l+a

L
o

Hence

Thus by measuring the ratio of the mean squareé of the fluctuating
veloclties with and wilthout compensation, Iy can be estimated.

The procedure was checked in the flow behind a %—inch grid where

the lateral scale was measured and where because of isotropy the rela—
tlon Ly = 2Ly should hold falrly well.

°

The results were:

og=1.85

M=17 x 107 second

To = 1.5 X 103 centimeters per second
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"bherefore

Ly = 1.2k centimeters

Direct measurements gave I'.V = 0.553 centimeter. Hence
Ix = 1.11 centimeters which shows that this method of estimating the
value of Ix 1s satlsfactory.

Measurement of turbulent—energy spectrum.— In order to be able to
measure accurately the emergy dlstribution over a wide frequency band,
it was found necessary to use extremesly thin wires wilth small time
constants and thus to increase the signal-to—molse ratlo. Wires of
0.00005—inch diesmster, operating with time constants of approxi-—
mately 2 X ZLO_LP second, were used. In this way 1t was posslble to
detect emergy values in the high—frequency bands that were 10—T7 times
the value corresponding to zero frequency.

The hot-srire signal was fed into a Hewlett—Packard wave anslyzer,
the output circuilt of which was somewhat altered in order to be able to
feed. the output signal into & root—mean—square voltmeter. The averaging
characteristics of the root-meen—square meter were checked and, for a
narrow—band~wldth signal, were found to give the same mean values as
those calculated from thermocouple readings.

With this method the energy of the u e-fluctuation was measured at

different polnts across the chammel. At % = 0.4 +the spectrum of the

turbulent shear w'v' was also obtained.3 An x—type meter was used,
both wires meking an angle of 450 with the free—stream directlon.

Ir :lé and 822 are the mean—square voltage fluctuations (corrected
for time lag) across the two wires 1t may be shown (reference 12) that

612 — 622 = Constant X u'v!?

If o7 and e, are fed into the wave analyzer then the above relation
holds for all band widths dn; that is,

e1(11)2 - eg(n)2 = Constant X u'v'(n)

3This method appears to have been first used by Dr. Stanley Corrsin
in a turbulent Jet (private commnication).
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PRELTMTNARY MEASUREMENTS IN A 1—-INCH CHANNEL

<

In the initial stages of the turbulent—channel—flow investigation
a two—dimensional chammel of l—inch width was used. Measurements of
mean and fluctusting velocltles and of the correlation coefficient k

were completed. The scales Iy and I, were also measured at the

channel center and were found to be about 0.2 to 0.3 centimeter. This
small-scale turbulence exlsting in the channel lmposed & definite limi—
tation on the accuracy of the fluctuating measurements. Wire—length
correctlons as high as 30 percent had to be applied to the measurements
of v' and w'. ZFurthermore, no microscales could be measured accu—
rately; thus ome of the obJectives of the investigation, the calculation
of the energy dlssipation across the chamnel, could not be obtained.
Nevertheless, results show good comsistency; the three independent
measurements of the turbulent shear indicate satisfactory agreement.

It 1s of Interest to present these preliminsry measurements, the
Reynolds number of which was 12,200, and to compare them with those
obtained in the 5-Inch chammel. Figure 5 shows the distribution of all
the measured quantities in the l—inch channel and it may be directly
compared with figure 16 whilch shows the quantities measured in the
5—Inch channel at nearly the same Reynolds number,

Although the slopes of the mean velocltles at the wall are aln
the same In each case for the l—inch channel TOE = 0,0019; for the
. pU' o
T
5—Inch channel 02 = 0.0018), the velocity ratios u/Ub in the 5—inch
pUo
channel seem to be lower across most of the channel. Thils Indicates that

a more Intense turbulent—energy‘production. r%$v takes place I1n the

5-inch chammel. Indeed, the turbulemt—velocity fluctuations ! /U,

¥' /0o, end %' /U, (especially  %'/U,) increase at a faster rate toward
the wall in the wilder chammel, although their values at the chammel
center check 'very well in the two cases. The shear distribution 'r/pUbQ

is almost the same for the two chamnels; 1t follows, therefore, from
the relation

l.

o e
|4
S
S

1l
=3

o}
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that k must have a higher absolute value in the 1—inch channel since
both %u'/U, and %'/Up are smaller there. Indeed the maximum velue
of k 1n this case 1is —0.6, while in the 5~inch chammel it 1s -0.5.

As a matter of Interest it could be mentloned that if the basls of
comparison is not Reynolds mumber but maximm mean speed (for the l~inch
channel TUp = 15 m/sec) then Pigure 5 shows a distribution of !, %!,
and W' very similer to that of figure 18, the absolute velues being
somewhat lower in the 5—inch -channsel.

RESUITS AND DISCUSSION

Mean—Veloclty Distribution

A careful study of the two-dimensional nature of the chanmel flow
was Tlrst made. Mean-velocity measurements were carried out at approxi—
mately x = —2 inches at different helghts In the chammel: At positions
6 inches from the bottom, 6 inches from the top, and at the mlddle.
Agreement among the three sets of measuremsnts confirmed the two—
dimensionality. A further check was made on posslble end effects that
might influence the results. The length of the channel was extended
by 6 inches and the msan—velocity measurements were repeated at
x = -8 inches. No change in the profile was noticed. Figure 6 shows
- the mean—veloclty dilstributions at three Reynolds numbers, R = 61,600,
R = 30,800, and R = 12,300. The distributions follow Von Kérmén's
logarithmlc law very well, except, of course, mear the wall and at the
center of the chamnel (fig. 7). The values of Ut were obtained from

the velocity gradlents at the wall.

Measurements were made with speclal care close to the wall.
Velocitles at a large number of polnts were recorded wilithin the laminar
sublayer in order to establish with reasonable accuracy the shape of
the velocity profile at the wall (fig. 8). The thickness of the laminar
sublayer (the paint where the velocity distribution deviates from the

logarithmic law) was found to be & = 30 I—Iv_ (fig. 7).

T

In figure 8 it cen be seen that for the case of the lowest Reynolds
number a few polnts near the wall Indlcate very low velpci'bies. Since

the point at which (3—;-= 0 has been determined wlth great accuracy and

since the squations of motlion of the channel flow require a negative
curvature for the veloclity proflle, 1t was concluded that the hot-wlre
Indicated too low velocitles mnear the wall for the lowest Reynolds
number. (The dashed curve for this case in fig. 8 shows the interpolated.
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veloclty distributlion for 0 <« ;§< 0.01.) It caen be shown that very

high local-veloclty fluctuatlons cause the hot—wlre to read velocltles
lower than the true mean value. Slnce the mean current of the wire
varies with the fourth root of the veloclty,

NG (N

where u 1s the veloclty to which the hot—wlre responds and u 1is the

2
true mean velocity. Near the wall (%—) << 1 and can therefore be
neglected. Because of the cosine—type directional characteristics of the
hot—wire the effect of the w'—fluctuation can also be negled¢ted. The
velocity measured by the wire can be written, after expanding the above
expression, as

Since the average of the odd terms 1s zero the serles converges rapidly.
In the region 1n questlon, the veloclty fluctuations obtalned were very

high indeed (1—1L~> 0.30). Thelr absolute values, however, are probably
u

even larger, since the nonlinearity effect of the large fluctuations on
the hot—wlre response stlll further amplified by the very low mean
veloclties 1s not taken into account because the wlre—length corrections
are neglected. The mean—veloclty correction therefore given by the
above relation is too small to give the required negative curvature of
the profile.

Turbulence Ievels

Figu:res 9 to l)+ represent the results of measurements of the three
components u' v' and W' of the turbulent-velocity—fluctuation
distribution in the channel for the three Reynolds numbers. :

The velocity fluctuations u' relative to local speeds increase
very rapidly nesr the wall as 1is shown In figures 9 and 10. Measure—
ments very close to the wall indlcate that o Su reaches a maximm

within the laminar boundary layer (yU—r/ v al1lT7) and it tends toward

a constant value at the wall which is independent of the Reynolde number.
This point will be discussed in detall under Reynolds Number Effect.
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The absolute valuss of the distribution of ¥* show the same -
general shape as that obtained by Relchardt (reference 9), having the
characteristic maximm near the wall and thus showing the strong action
of viscosity even for values of ¥ s 45.

Using the X—type hot—rire 'beohniq_ue for obtaining the veloclty—
fluctuation componments v' and W', no measurements could be obtained
near the wall. Figures 13 and 1h show that, while in the center of the
chemnel the magnitudes of ¥' and W' are 'bhe samse , W' increases
faster toward the wall. This agrees with the ultramicroscops measure—
ments in a pipe by Fage and Townend (reference 18).

No length corrections were necessary to the measurements of wu!
except near the well; however, no corrections were epplied in thils
reglon since no measursments of Az; could be made. In thls reglon,
furthermors, the fluctuatlions are very large and the values glven in
figure 10 must be accepted wilth reserve. The hot—wlre response for
large veloclty fluctuatlons 1s not well understood yet end no correction
was attempted. Iength corrections were applied to the measurements
of v' and w'. :

Correlation Coefficient and Shear Distribution

The correlation coefficlent 1s falrly constant across most of the
channel (fig. 15) as indicated already by Wattendorf and Kuethe (refer—
ence 6). The maximm values of k obtalned decrease slowly with
Increasing Reynolds number and thus show a deflnite Reynolds mmmber
dependence. Existing results Indlcate, however, that paramsters other
than Reynolds nmumbers also Influence the value of k. The followlng
table shows magnitudes of the meximm correlatlion coefficlent as obtalned
by different Investlgators worklng with channels of various wildths and
with various Reynolds numbers:

Channel width

Experiments by . o) R Koox
Relchardt (reference 9) 24,6 8,000 —0.45
Taufer Epresent paper) 2.5 (1 in.) 12,200 —.63
ILaufer (present paper) 12.7 (5 in.) 12,300 —.50
Wattendorf (reference T) 5.0 15,500 —~.52
Taufer gpresent paper) 12.7 (5 in.) 30,800 -5
Taufer (present paper) 12.7 (5 in.) 61,600 —.40

Wattendorf obtalned hils value of k from his measurements of the gquan-
tities u'/Up, V' /Uy, and u'v'/U,2. Unfortunately his preliminary
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measurements of V' are incorrect ; their magnitude 1s larger than that
of U' at all values of y across the channel contrary to results
obtalned by Reichardt and by the present writer. Wattendorf himself
points out the inaccuracy of the values of V' in his paper. Because
of the large values of v' his computed correlation coefficients are
too low. The value kygy = —0.52 1listed in the above table was obtained
by using Wattendorf's values %Y = 0.00L eand 5_' = 0.055 and the

0

Uo2

value %-: 0.035 (%- = 0.5) obtalned by the author for both the
O

1-inch (2.5-cm) and 5-inch (12.7-cm) channel at R = 12,200 and

R = 12,300, respectively.

The variatlion of k indlcates that for the same Reynolds mumber
the correlation coefficlent tends to increase with increasing maximm
meen veloclty (i.e., in a channel of decreasing wildth). :

Flgures 16 to 18 show the distribution of all the measured quan—
tities including the shear distribution. For the case of the two
‘higher Reynolds numbers, three independent measurements were made for
the determination of the ghear distribution by methods indiceted in
Equations of Motion for Two-Dimensional Channel Flow. Filgure 19
indicates that consistent results are obtalned for the value of T
whether calculated from the pressure gradlent along the channel or
from the veloclty gradient at the well. The turbulent—shear distri—
butions obtained from hot—wire measurements and those calculated Ffrom
flgure 17 show satisfactory agreement. However, for the flow at the
highest Reynolds mumber, the hot—wire measurements gave a 20-percent—
lower value for the shear coefflclent, as may be seemn in figure 18,
At present, the writer can give no satisfactory explenation for this
discrepancy. In the flow at the lowest Reymolds number, no pressure
meesurements were made because the very low pressure gradient
(approx. 0.0003 mm of &lcohol/cm) did not permilt accurate measurements.
However, in this case the wall shear computed from the measured mean
fluctuating quantities U', ¥', and k and the meam~velocity
measurements may be compared wilth that obtained in the l1—inch—channel
flow having nearly the same Reynolds number. The comparison shows

satisfactory agreement: For the 1—Inch channel —;‘?—2— = 0.0019; for
Plo

the 5-inch chamnmel —C— = 0.0018.
T pUu2

h"I‘his result was accepted after the absolute values were carefully
checked; the v'-wire response wes compared with ul—fluctuations in an
1sotropic field and the two—dimensivnal character of the flow was
checked.
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Scale and Microscale Measuremsents

For a further understending of the structure of the turbulent
fleld, correlations of u!'—fluctuastions at two different points were
carried out. Since the fleld is not lsotropic, the scale and microscale
measgurements were repeated both 1n the y— and z—dlrectlon for different
values of y/d..

R;—correlations.— Figure 20 shows typlcal Rz—correlation dlstribu-—

tlons at different velues of y/d corresponding to R = 30,800. For
larger values of =z, Iinaccuracies in the measurements dld not permlt
the exploratlon of the negative reglon of the correlation distribution.
From the measured dlstributlions of Ry at four statlons across the
channel and for different values of R, the values of Ip and X,

wore calculated (figs. 21 end 22). In these figures I, 1s seen

to be decreasing uniformly toward the wall, while X, reaches a definite

maximm gt aboub %:—: 0.7 and then decreases with decreasing. y/d..

Ry—correlatlons.— Distributions of the Ry—~correlation at a glven

value of y/d. were obtalned by fixing the statlonary hot—wire at the
given value of y/d and traversing with the moving hot—wire away from the
fixed one toward the chamnel center. Values of Ly eand )'y' were then

calculated from these distributions of Ry. In the region 1.0 > g-> 0.1

the gradients of the varlous quantities are slight; no significant asym—
metry in the function Ry 1s therefore expected. Measurements of the
top part of the Ry—correlatlion distribution (1.0 > Ry > 0.8) by Prandtl
and Reichardt (reference 19) Justify thils belief fairly well.

By comparlng figure 20 wilth figure 23, the strong effect of the
exlsting nonisotropy cen Immediately be seen. Although both Ry. end R,
correspond to Von Kdrmén's g-function (reference 10) they exhibit dif—
ferent behaviors across the channel. The Ry—correlation function falls
more and more rapldly to zero with decrsasing y/d. Traversing

from %: 1.0 to %: 0.70 the distribution of Ry is found to behave

similarly; however, the dashed curve memsured at g—: 0.4 (fig. 23)

Indicates comsiderably increased correlations for larger values of Y.
Tt is thus seen that around ¥ = 0.7 there is a definite decrease in

energy content of the fluctuations having low frequencies. Further con—
slderation of this fact 1s given later In the discussion of the energy
balance in the chamnmnsl. .

3
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The values of Iy =f Ry dY (fig. 21) are not so reliable as
0

those of I, slnce Ry could not be measured at sufficlently large

values of Y because of the limitation of the traversing meschanism
used. '

The distribution of Ay across the channel 1s similar to that
of A, (fig. 22). From 2-’: 1.0 to %mo.7 both Ay and Ay
Increase almost proportionally to wu', indicating that the turbulent—

2 .

energy disslipation W ~1-1—;—— is approximately constant in this reglon.
N

It should be noticed, however, that iz 1s consistently larger than Ay

throughout the chamnel cross sectlon. Some measurements of Ay close

to the wall are also lndicated in flgure 23. WNo length correctlon was

found to be necessary for the measured values of Ay and A,.

A rough estimate of Ix by the method already described gave a
value approximstely twlce that of I, at the center of the chanmnel

(fig. 21). Tts value increases to a maximm at %m 0.5 and then

decreases rapldly. No values for I, are gliven for the lowest Reynolds
number; in this case the value of o 1s very close to unlty and, since

Ly 1s proportional to —-——J_‘—I, ¢ should be known within an accuracy

of 1 percent to glve consistent results for Ly. Unfortunately measure—
ments of Ly cannot be made with thls accuracy, particularly when the
u'—fluctuations are of rather low frequencles as 1ls the case

for R = 12,300. It should be mentioned that the accuracy of the deter—
mination of I, 1s more limited by the ilmnaccurately measured value

of o ‘then by the fact that an approximate spectrum function F(n) is
used in equation (9).

The distribution of Ay obtalned by the differentiation method
shows the same behavior as that of Ay and Ay (fig. 22). It has

the characteristic maximm at %z 0.7. No mepasurements were made

for R = 12,300 because of the lnaccuracy due to the large nolse—to—
slgnel ratios. ‘

As a matter of Interest the results of some measurements of Ay

obtained with the zero—counting method are compared with those described
above. (See fig. 22.) Since the valldity of the assumptions involved
in this method is not clarified yet, these measurements should be
regarded as preliminary.




28 NACA TN 2123

Spectrum Measurements

The spectrums of the velocity fluctuations w'2 ‘have been obtained
at various values of y/d across the chamnel, With improved Instru~—
mentatlon it was possible to reduce experimental scatter by a consid~
erable amount. The asccuracy of the present measurements is belleved to
be within *10 percent with the exception of values corresponding to low
frequencies (n < 100 cps) because of the large—emplitude fluctuations
and wilth the exceptlon of values corresponding to high frequenciles
(n > 4000 cps) because of noise and of possible wire—length effect. A
typlcal spectrum distribution taken at %: 1.00 is shown in figure 2k,
(The moasured spectrums at various posltions of y/d are given in
table I.) No attempt is made to compare the measured distributions with
exlsting theorles since the restrictive assumptlons of these theorles
(isotropy end flows at high Reynolds numbers) are not satisfiled in the
present experiments. The only frequency range whers comparison ls
posslbly Justified 1s the viscous reglon, that 1s, the hlgh—frequency
part of the spectrum where viscosity plays a dominent role. Unfortu—
nately here the accuracy of the measurements is not good enough to afford
eny definite conclusions. Therefore, the rather close agreement of the
measured spectrum (for all velues of .y/d except in the leminar sub—

layer) with the n[—law predicted by Helsenberg (reference 2) should be
accepted with reserve (fig. 24).

For a comparlson of the energy spectrums at different points in
the channel, flgure 25 shows the distribution of n2F(n) instead of
that of F(n) as a function of the frequency. This method of presen—
tation emphasizes energies corresponding to the higher frequencles but
glves a clearer over—all comparison of the different sets of msasure—
ments. The characterlstic maximm of the dilstribution of A, Imme—
diately becomes apparent in this flgure. From the fact that the
correlation coefficlent 1s a Fourler tramnsform of the spectrum function

it follows 'l;hﬂ.t
: 3}
<B Rx) =L -l-l'eﬁ f n°F(n) dn
BX2 x=0 A'ZX'. u 0

Thus Ay can be computed from the distributions of =nfF(n). The
calculated values check within a few percent with dlrect measurements
(fig. 22). :
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Reynolds Number Effect

Flgure 7 shows the distributlion of mean velocltles plotted In
the form of "friction velocity" u/Ur eagainst "friction-dlstance
parameter” yU;/v. In this form the profiles are independent of the

Reynolds number Uyd/v and follow Von Kirmén's logarithmic law:

l=Alogy—U-1---+ZB
Ur v

The constants A and B are 6.9 and 5.5, respectively. Comparing
the present measurements with previous ones 1t is to be noted that
because of the very smooth wall surfaces used,'the value B is larger
than that of other investigators. Making allowances for this effect,
meagurements are in fairly good agreement with those of Doench (refer—
ence 4) and Reichardt (reference 9). WNikuradse's channel results
(reference 5) differ from all other existing experiments. It is
pertinent to mention that for the Reynolds number range in question
(R < 100,000) the slope of the logarithmic mean—velocity distribution
(the constant A) both in pipes and channels is larger than that
established by Nikuradse's pipe measurements (A = 5.75).

The Reynolds number has a definite influence on the velocity
fluctuations also. Along most of the cross section where the influence
of the viscosity is negligible the -fluctuations W', ¥ , and w
decrease slowly with increasing Reynolds number.

Very close to the wall, according to Prandtl!s hypothesis, all
velocities of the form Velocity/Ur must be a function of the friction—
dlstance parameter only. It has already been polnted out that the mean
veloclty obeys this similarity law. Flgure 26 shows the distribution
of U'/U; as a function of yUy/y for the different flow conditions
Investigated. The followlng remarks can be made with reference to this
figure:

yu ~
(1) For values of -—V—T <100, values of u'/U; corresponding to

the various cases Indicate similar bshavlior., They reach a maximm at
yUO+ .
ebout v ~ 17. ) |
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(2) -Tt 1s belleved that the similarity is actually more complete
than indlcated in figure 26. Because the microscale is not known in
reglons very close to the wall no length corrections could be applied.
These corrections would of course be appreciably higher for the two
high~velocity flows (R = 61,600, 24 = 5 in. and R = 12,200,

24 = 1 in.), and would therefore bring the various distributions of U'/Ur
closer together 1n the region in question.

(3) The effect of viscosity is more pronounced on the fluctuating
quantities than on the mean veloclty.

(4) Taylor pointed out in 1932 (supporting his arguments, by Fage
and Townend's ultramicroscope measurements) that ot /u and W' /u
approach a finlte value at the wall (reference 18). It follows from
the similarity law that thls value- should be an absolute constant inde—
pendent of the Reynolds mumber., Figure 10 indlcates this to be true,
the comsfant being (U*/u)y_o % 0.18.

It is of considerable Interest to discuss the variation of the
scale and microscale with Reynolds number. For flows behind grlds where
the turbulence is isotropic the scale 1s independent of the mean veloclty
and depends on the mesh size of the grid. Similar behayvior was found for
the channel flow. Figure 21 shows the distributions of Ly and I, for

different veloclties. These dlstributions indlcate no consistent varia—
tion with veloclty. Furthermore, measuremsnts in a l-inch chamnel give
a value for I, five times lower and a ratio for Iy somewhat larger

than the values obtained in the present Investigation.

The varlation of A\ depends, of course, on the velocity and chennel
wldth. The values of A decrease wlth increasing veloclty; however, the
variation of A wlth chennel width is less than that of TI.

Fully Developed Character of Turbulence

The Plow in the chamnel is called fully developed 1f the varla—
tions of the mean values of the veloclty and the mean squares of the
velocity fluctuations with x are very small. That the mean veloclty
profile does not vary downstream is evident from the pressure—gradient

measurements (fig. 19). The gradient in x of u'2 was measured on
the axls of the chamnel. It was found that w2 was indeed decreasing

19p

with x. The gradlent, however, was very small as compared wlth 5 5o

‘é
a.l'__.a, 0.01 l.a_E
ox p Ox
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Hence for all practical purposes BETE/BX can be neglected. No

measurements have been made concerning ou'v'/dx, since the scatter
in the values would cover any effect. However, there is little doubt

that OW'V'/dx is of the seme order as Ou'2/dx end that the use of
equations (3a) and (3b) is therefore justified here.

Energy Balance In Fluctuating Fleld

The energy equatlon for a two—dimenslional channel has the form
given by equation (8) and is valid throughout the cross section of
the channel with the exception of a small region near the wall.
The term T%% on the left side of equation (8) corresponds to the
ensrgy produced by the shearing strssses and 1t can be obtained directly
from the measurements of + _and from the mean veloclty profile. The
Bui' Bu.l'
second term on the right pu
oxy ) \ox
that 1s being dlssipated because of the breaking down of the larger
eddies to smasller omes. The term may be written explicitly
+_(aur N aW:)E
oz ox

o bET T 3T 6T

The problem is to express these functions 1n terms of easlly meas—
urable quantities. In the case of lsotroplc turbulence Taylor solved the
problem by introducing the microscale of turbulence A, and obtained for
the dissipatlon

) expresses the amount of energy

W= 15p =— ‘ . (10)

It 1s attempted here to carry over his anelysis to the case of
channel flow. The following assumptlions have to be made in this
connection:

(a) The gradient of the velocity fluctuations is small in all three
directlons., With the exception of the region near the wall this 1s
Justiflable from the measurements.
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(b) Since only correlations of u' have been measured, it is
assumed. that the correlations of w' as functions of Z (Von Kdrmén's
f—Punction) have the same curvature at the origin (Y = Z = 0) as the
correlation of u' has as a function of X; that 1s,

oz o— dx° o— Ax?

Furthermore the correlations of ' as functlions of X and Z and
the correlations of w! as functions of X (Von Kdrmdn's g—functions)
have the same curvature at the orlgln as the correlation of u' has as
a function 2Z; that is,

= = = ,_j
Fin&]h,

. —(ERyv'> _ (BQRyw'> _ (BQRyu‘\) _ _—?—
G/ or /g dx2 /o g2

(c) The cross products were calculeted using similar arguments;

thus,

S o _ _1W ¥
dy Oz 2 My Ag
du! dw? 1u' w!
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With these assumptions the derivatives of the fluctuatlons could
be expressed In terms of the measured velues of Ax, Ay, and Agy:

—s -_r—é 12 il e 12 —:-é F1o0
W=p£§(1;é+w'2)+2v2 +2v2_1;:v+2u2+2w2_vw+
M Ay WMy R R Ay
YY) 12 ot ]
2 g2 - +2
Ag Az Az, Az

At the middle of the channel W +turned out to be 2.86 ergs per cubic
centlimeter per second for R = 30,800. Using the 1sotropic relation

12 utl E-l—é
W=l5u-—§=l5u-—2=l5u——2
hy Ax Az

the values 2.88, 4.38, and 2.2k ergs per cubic centimster per second
were obtained depending upon whether Ay, )"y" or A'z was used.

(For the value of ' the algebraic mean of the squares of the fluc—
tuations was used.)

Figure 27 shows the distribution of W In the center region of
the chammel. Teylor obtalned a similar distribution of the dlssipated
energy across the channel (reference 20); however, his numerical magni—
tudes are too high since he substituted in the isotropic relatlon, in
equation (lO), the values of Ay, which turn out to be less than those

of Ay and \,.

From the known distributlons of the energy production and dissl—
pation the diffusion of emergy is easily calculated from equation (8).
It should be pointed out that because of the approximstions involved Iin
the calculation of the dissipatlon and diffusion terms, the conclusions
derived from them are more or less of a qualitative nmature. It 1s seen

from figure 27 that at %-z 0.7 the diffusion term is zero. It was

also pointed out earller that 1n this reglon the Ry—correlations show -
a conslderable change in shape indicatling a shift in energy from the
lower to hlgher frequencles of the veloclty fluctuations. These two

- facts suggest that the ensrgy diffusion is assoclated malnly wilth the
low frequenciles of the fluctuatlons.




3k : NACA TN 2123

The squation expressing the balance of the three forms of energy
furnishes the followlng picture of the turbulent flow f£leld in the
channel where viscous dlssipation 1s stlll negligible: Two planes
passing through points where the diffusion of energy vanlshes divide
the channel flow into three parts. From these planes energy ls being
transported toward the channel center and the walls. The mlddle region,
the width of which is of the order of Iy, recelves most of its emergy
by diffusive action and thls energy 1s dlssipated here at a constant
rate. In the two outaslde reglons all three energy terms Iincrease
rapldly, the production term being the domlnant one, and their inter—
action 1s more involved. ‘

This picture of the flow fleld 1s only of a.descriptive nature.
The purpose of further Investlgations should be to obtaln Iinformation
on the development and mechanism of such an energy balance.

Iocally Isobtroplc Character of Turbulent Channel Flow

The concept of locelly isotroplc turbulence obtelned by Kolmogoroff
requires the smaller eddies in turbulent f£flow to approach lsotropy.
Smaeller eddies are the ones with length dimsnsion 1 small compared
with the scale of turbulence I. The smallest characteristic length in
turbulent motion 1s Kolmogoroff's 1 deflned as

- ()"

where ¢ 1s the total disslpated emergy. Clearly, to approach locally
isotroplc conditions 1t 1s necessary that

L>n1

It follows from thils hypothesis that beyond sufficlently high
frequencies (of the order of %uU'/y, say) no correlations exlist between
the components of the velocity fluctuatlons. Figure 28 shows the meas~—

ured spectrum of 1_1‘—2 as compared with the spectrum of ufv?
at %: 0.k. Tt 18 seen that the shear spectrum tends to zero at a

frequency of about 1500 cycles per second while FEE (n) st111 has a

detectable value at 5000 cycles per second. Thls result verifies
Kolmogoroff's assumptlion. It should be mentioned that the absolute

values of F (n) are nmot so accurate as those of F=> (n) since
u'-v" u'

they represent the small difference between two large values of hot—

wilre signal. ,
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It 1s to be noted that even though local lsotropy was shown to
exlst in the chamnel flow, the values of the various vortlcity

2

terms (215’ differ eppreclably, indlcating that the relative magni—
.V '

“tudes of these terms do not constltute a sensltive test for the existence

of local lsotropy. Thils 1s evident from the comparison of the dlstribu—

tions n?F;Té(n) and n2E57;3(n) (fig. 28). It is apparent from the

-
figures that a large part of the contribution to f n°F(n) dn comes
0]

from a frequency well below 1500 cycles per second. Iocal isotropy,

according to the shea® spectrum, exists only above a frequency of
1500 cycles per second.

GONCLUDING REMARKS

The measurements presented here conflrm the general conceptlons
concerning the meen veloclty profile 1n a turbulent chamnel., The extent
of the laminar sublayer, the velocity proflile in the sublayer, and the.

over—all velocity distribution as measured here are in good agreement
with general theoretical expectations.

Measurements of the turbulent fleld show that the hot—wlre tech—
nique 1s well enough developed to glve conslstent results for the
Intensities and correlation functlions.

Detailed measurements of the velocity fluctuations in the direction
of the flow u' were carried out well within the laminar sublayer. It
was found that the similarity law for U'/Ur, where Ur is friction
velocity, holds fairly well in the vicinity of the wall and as a con-
sequence the magnitude of u'/u, where u 1is local mean velocity,
approaches an absolute constant at the wall (approx. 0.18), the value
being independent of the Reynolds number. The magnitudes of the
veloeity fluctuations normal to the flow in the lateral and vertical
directions V' eand W' are nearly the same in the middle region of
the channel, %' increasing more rapidly toward the wall.

The messured mlcroscales of turbulemce Ay, ky, and A, con—
sistently show & maximm at .%vm 0.7, where ¥y 18 lateral distance

and 4 1s helf width of the channel; they Increase proportionally
with U', indiceting a constant rate of enmergy dissipation ‘W In the

12
center portion of the channel since W ~i,

22
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The scales of turbulence Iy and I, in the center reglon are

independent of Reynolds number and depend only on the channel width.
The mlcroscales, however, shqw a dependency on the Reynolds number.

From the calculated magnitudes of the energy produced by the
shearing stresses and of the dissipated emsrgy a descriptive picture of
the energy diffusion in the center region of the channel is obtained.

The spectrum measurements of the u_'é—fluctu.ations tend to Indicate
that F;é(n) behaves as 1! over a large band in the high-frequency

region (where Fu—‘é(n) is fraction of turbulent emergy assoclated with

band width dn and n 1s frequency). From the comparison of the

spectrums of u‘2 end of the turbulent shear the existence of local
1sotropy in the chammel flow is verified.

Guggenhelim Aeronautical Laboratory
Cglifornia Institute of Technology
Pasadena, Calif., September 1, 1949
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TABLE I.- MEASURED VALUES OF THE SPECTRUM OF u'Z®

F(n)
Frc(equency sec)
cps)
Yy _ Yy _ ; ¥y _ ¥y _ ¥ _
g =1.0 £=0.T9 3=0 4 £ =0.1 $ = 0.005
' 772 x 1075
R el B Bl 786
40 561 x 10-? 585 x 10-2 | 571 x 10-D | 664 x 10-D géi
20 | mmmmmmemen [ mmmmm e | e e 519
60 349 T [ SR [ 436
_1J373
[ Bl Bl e s {3&5
80 273 211 252 308 309
254
S0 vl Bl Rl By {é72
100 186 1l 182.5 226 200
125 | wemmmmmmem | mmmcime | e | e 12;
150 95.4 T7.3 91.6 1ko ﬂi
I R e F e P 7o
200 68.2 5216 5618 97.2 gg:g
250 3.1 37.9 15.8 64.9 gg:g
300 {33.9 23.5 32.2 4.8 23.8
A 3h.6 25.6 3k 51.3 21.5
koo 19.8 15.0 19.17 25.2 8.03
500 18. 8.09 12.25 15.5 . 3.74
600 7.57 5.86 7.6 12.5 1.83
700 5.27 k.o 5.1k 8.73 1.06
800 3.31 2.67 3.53 6.07 .531
900 2.29 1.77 2.51 Lok .352
1000 1.50 1.08 1.76 2.99 .185
1200 .T6L 677 1.01 1.80 .090
1500 .295 .257 .379 787 .016
1750 b7 .16 201 oo .008
2000 .0832 .058L .109 o0l .0039
2500 .0192 .0186 .0487 .0873 .00102
3000 .00682 00668 .01k .0313 .000354
3500 .00196 00272 00Lgo .00121 .000133
%000 .000855 00074 0021 .00k35 .000066L4
4500 | e 000608 00157 .0029 | acmmmmmeeam
5000 000170 0 00052 L00117 | cccmmemeeem
5500 | mmmmmmmmmm | mmmemmee e | e 00062 | —ccocmmmmne
6000 0 feeememeeee 000252 .000313 | —mcmmmomeae
TOO0 | cmmmmmoe | mmmmmmmeme | e .000109 | coccmcacaeno
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Figure 4,- Typical oscillogram of u'-fluctuation at R = 30,800 and
y/d = 1,0. Horizontal line corresponds to u'(t) = 0; interval is
approximately 1/20 second.
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